Results: Thirty on-protocol and 30 preprotocol patients, 22 of whom had a nonstandardized intraoperative epicardial echocardiogram, were studied. Compared with preprotocol, visualization of the relevant anatomy was significantly increased for the Damus-Kaye-Stansel anastomosis (93% vs. 68% P 5 .03) and branch pulmonary arteries (70% vs. 36%, P 5 .02). One residual lesion requiring immediate operative reintervention was diagnosed in the preprotocol group. There were 5 patients in each cohort with residual lesions during the postoperative hospitalization that were not appreciated on the intraoperative echocardiogram. Technical performance, rates of reintervention and clinical outcomes were not significantly different between the two groups.
| INTRODUCTION
Intraoperative postcardiopulmonary bypass echocardiography (echo) is routinely performed to assess the surgical repair of congenital heart defects. 1 Benefits include the detection of residual lesions and the provision of information regarding ventricular function and hemodynamics that may aid in postoperative management. [2] [3] [4] Intraoperative imaging was originally performed via the epicardial approach, 5, 6 but with the development of transesophageal transducers, 7, 8 that modality has gained popularity. However, epicardial echo (e-echo) is often preferred over the transesophageal approach for evaluation of certain anatomy, and in small infants and neonates. [9] [10] [11] [12] Stage 1 Norwood palliation (S1NP) for single ventricle heart disease remains one of the highest risk procedures in congenital heart surgery. 13, 14 A surgical technical performance score has been developed that is based predominantly on imaging findings. 15 Patient with superior technical performance scores have been demonstrated to have improved clinical outcomes. 16, 17 In addition, reinterventions after S1NP
are often related to recurrent or residual lesions that were addressed at the time of surgery, primarily aortic arch obstruction and shunt or pulmonary artery obstruction. 13, 18, 19 Recent data suggests that immediate reintervention on residual lesions is associated with improved outcomes compared to reoperation in the postoperative period. 20 While e-echo has been frequently utilized at our institution to assess S1NP, it has not been performed in a standardized fashion. In addition, the success of e-echo in visualizing the relevant anatomy has not been reported. We therefore implemented a standardized e-echo protocol based on assessing the components of the operation that comprise the technical performance score. The aim of our study was to determine the technical feasibility of a standardized e-echo for S1NP, and compare visualization rates with a nonstandardized approach. A secondary aim was to determine any clinical impact of this standardized assessment. An historical cohort was used for comparison.
| M E T H O D S
A standardized e-echo protocol (Supporting Information Appendix) was developed. Details of the protocol were reviewed with echocardiographers and surgeons at staff meetings. After a training period to familiarize both the echocardiographers and surgeons with performance of the protocol, the protocol was formally implemented and data collected in a prospective fashion on 30 consecutive infants undergoing S1NP. Intaoperative e-echo was performed at the conclusion of S1NP on an iE33 ultrasound system (Philips, Best, The Netherlands) with an S12-4 sector array transthoracic transducer placed within a sterile plastic sheath filled with approximately 30 mL of normal saline as a standoff medium. Additional saline was instilled within the chest cavity as needed by the surgeon, who manipulated the probe and obtained the images. The echocardiographer was present in the operating room and reviewed the images in real-time while guiding the surgeon, and operating the ultrasound machine controls. Following completion of the surgery, the surgeon completed a questionnaire that sought their opinion on ease and utility of the examination. A separate questionnaire on study findings and image quality was completed by the staff echocardiographer.
Preoperative and operative data included patient demographics and procedural variables. Data from the postoperative period included variables pertaining to the hospital course, complications and reinterventions. Intraoperative e-echo findings were compared with results from other imaging modalities (echo and catheterization) performed during the post-S1NP hospitalization. The technical performance score at discharge was determined as per previously developed criteria. 15 Follow-up data after discharge from the S1NP hospitalization was col- 
| RE SULTS
Patients in the preprotocol (n 5 30) and on-protocol (n 5 30) cohorts were similar with respect to baseline demographics, anatomy, comorbidities, and pre-S1NP interventions (Table 1) . Cardiopulmonary bypass times did not differ between the two groups. The majority of patients received a right ventricle to pulmonary artery (RV-PA) conduit in both the preprotocol and on-protocol cohorts. An additional bypass period was required in 3 (10%) preprotocol and 2 (7%) on-protocol patients (P 5 1.0).
| Epicardial echocardiography findings
An e-echo was performed in 22 (73%) preprotocol and 30 (100%) onprotocol patients (P 5 .005, Table 2 ). The duration of the e-echo did not differ between the two groups. No complications related to the e-echo were reported in either group. Residual lesions were noted by e-echo in 3 (10%) of preprotocol and 4 (13%) of on-protocol patients.
These residual lesions prompted a return to bypass in one preprotocol patient and none of the on-protocol patients.
The one preprotocol patient who returned to bypass for intraoper- There were five patients each from the preprotocol and onprotocol cohorts with residual lesions noted during the S1NP hospitalization that were not appreciated on the e-echo. All 5 of the patients in the preprotocol cohort underwent reintervention during the S1NP hospitalization (all for obstruction of the Blalock-Taussig shunt or RV-PA conduit); whereas 3 of the 5 on-protocol patients underwent predischarge reintervention (2 to address branch pulmonary artery obstruction, and 1 to address proximal arch obstruction)
| Postoperative and follow-up data
Data pertaining to the postoperative clinical course was not significantly different between groups, nor were discharge technical performance scores (Table 3 ). In total, 6 (20%) preprotocol patients and 3 (10%)
on-protocol patients underwent postoperative reintervention during the S1NP hospitalization (P 5 0.47). No patients from either group developed mediastinitis.
Median follow-up duration was 174 days in the preprotocol cohort and 151 in the on-protocol cohort (P 5 0.14, Table 3 ). Patients did not differ between groups with respect to interstage extracorporeal membrane oxygenator use, reinterventions, or survival ( Figure 2 ). While technical performance scores were not significantly different between the groups at discharge, they did decrease between discharge and follow-up. This seemed to be driven primarily by patients moving from optimal to adequate scores. In the preprotocol cohort, 10 patients moved from optimal to adequate, 8 of whom had either stenosis or distortion of the pulmonary arteries or RV-PA conduit. For the other 2 preprotocol patients moving from optimal to adequate scores, 1 underwent interstage balloon dilation of the aortic arch (and had pulmonary artery distortion noted at the pre-bidirectional Glenn catheterization) and the other underwent arch dilation and had pulmonary artery distortion at the pre-bidirectional Glenn catheterization. There were 2 patients in the preprotocol cohort who moved from an optimal to an inadequate score. Both were admitted with cyanosis in the interstage and underwent intervention for RV-PA conduit or pulmonary artery stenosis.
There were 14 patients in the on-protocol cohort who moved from optimal to adequate scores; 7 had either stenosis or distortion of the pulmonary arteries or RV-PA conduit in isolation, 2 had mild gradients across the atrial septum (one of whom also had pulmonary artery stenosis), 4 underwent balloon dilation of the arch (2 of whom also had pulmonary artery stenosis/distortion), and 1 underwent balloon dilation of the DKS (and also had the RV-PA conduit stented).
There were 2 patients who moved from optimal to inadequate scores, both of whom required interstage catheter reintervention for atrial septal restriction.
Echocardiographers were surveyed regarding the quality of images of the e-echo. The largest proportion of examinations (50%) were rated as having good image quality, 23% were very good, and an equal proportion (13%) were either excellent or fair. Echocardiographers were somewhat confident that the e-echo findings represented the patient's true anatomic result in 30%, confident on 50% and very confident in 20%.
As for surgeons, they reported the e-echo would influence plans for postoperative care in 47%. The images were very easy or easy to obtain in 57% and somewhat difficult or difficult in 40%. The majority of studies (80%) were reported to take an acceptable amount of time, with 7% taking too little time and 7% too much. Surgeons had higher confidence that the e-echo results represented the patient's true anatomic result than the echocardiographers (27% somewhat confident, 13% confident and 57% very confident, P 5 0.003). The e-echo was reported to be at least somewhat useful by all of the responding surgeons.
| DISCUSSION
We found that a standardized e-echo protocol was technically feasible, did not add a significant amount of imaging time to the operation over a nonstandardized approach, and was associated with increased rates FIG URE 1 Rates of visualization of the relevant anatomy. Rates of visualization of the relevant anatomy were higher in on-protocol patients, though this only reached statistical significant for the Damus-Kaye-Stansel (DKS) anastomosis and the branch pulmonary arteries. Within the on-protocol cohort, structures visualized with the greatest frequency were the DKS (93%) and proximal aortic arch (90%). The Distal aortic arch was imaged in 80% of patients. Structures seen with the least frequency were coronary flow (57%) and the source pulmonary blood flow (PBF) (43%). The atrial septum and the branch pulmonary arteries were imaged in 77% and 70% of patients, respectively of visualization of the DKS and the branch pulmonary arteries. In this cohort we were not able to demonstrate an improvement in technical performance scores or clinical outcomes over an historical cohort.
Little data on intraoperative echo for S1NP has been published.
Balmer et al. 12 reported their experience with intraoperative echo for a variety of operations, including e-echo for S1NP. They report at least one patient returned to bypass for relief of residual arch obstruction based on findings on intraoperative echo; however, the total number of S1NP operations performed is not available. Smallhorn 21 also described intraoperative transesophageal echo for a variety of lesions and mentioned the importance of assessing tricuspid regurgitation, the aortic anastomosis, and coronary arteries in S1NP for hypoplastic left heart syndrome. He described the difficulty in imaging the aortic arch, though noted it could be done from a high esophageal approach. A case report discusses the use of an intracardiac echo catheter inserted transnasally into the esophagus in a small infant undergoing S1NP. 22 To our knowledge ours is the first investigation to focus solely on intraoperative imaging for S1NP.
Visualization of the DKS anastomosis and branch pulmonary arteries was significantly higher in the on-protocol cohort. While differences in rates of visualization of other structures did not reach statistical significance, they tended to be higher in the on-protocol cohort.
These data suggest a standardized approach to the intraoperative eecho can result in successful visualization of the majority of the relevant anatomy. This observation is expected given that following a checklist of key images makes it less likely that assessment of important anatomic information is skipped or rushed through. An obvious concern is that following such a protocol would lead to significantly longer studies, however, the e-echo duration was similar in the onprotocol cohort. Further, only 7% of surgeons' responses on the survey rated the e-echo as taking too long to complete. Data presented as n (%) or median (range). ECMO, extracorporeal membrane oxygenator; ICU, intensive care unit; PBF, pulmonary blood flow. versely, 2 patients in the on-protocol cohort who had pulmonary artery stenosis identified on the e-echo were not found to have significant pulmonary artery stenosis on follow-up examination. These can be considered "false positives" of e-echo. Therefore, care must be taken not to undertake operative reintervention for lesions that may not be clinically significant.
There were 5 patients each from both the preprotocol and onprotocol cohorts who could be considered to have had "false negatives"-lesions that were detected during the post-S1NP hospitalization that were not present on the e-echo. These lesions were predominantly related to the source of pulmonary blood flow and/or branch pulmonary arteries, though some also involved the DKS or aortic arch.
While some of the e-echos noted the anatomy was not well seen, some also noted optimal repair. These data suggest that even if the repair is judged to be optimal on the intraoperative e-echo, undiagnosed residual lesions may still be present. It is not known whether those studies noting optimal repair missed the residual lesions, or if these lesions developed over time, as this is known to happen, particularly for aortic arch, and pulmonary artery obstruction. 18, 19 This relatively high "false negative" rate raises the question whether a more sensitive method of assessment of vascular anatomy, such as intraprocedural angiography, would improve the detection of residual lesions.
Clinical outcomes, as measured by S1NP hospital course, technical performance scores, reintervention rates, and survival were not significantly different between the two cohorts. This is not surprising as the study was not powered to detect differences in clinical outcomes. Also, in order for a clinical difference in technical performance or patient outcomes to be demonstrated, simply performing an e-echo is insufficient. Action, in the form of intraoperative reintervention, must be taken in order to alter a patient's clinical course. In this small investigation, potentially actionable lesions were noted in 3 preprotocol and 4
on-protocol patients, though reintervention was only performed in one of the preprotocol patients. Of the remaining 6 lesions in both cohorts, only 2 turned out to be clinically significant enough to require postoperative or interstage reintervention. This suggests that simply identifying a potential residual lesion on e-echo may not be sufficient to require an immediate return to cardiopulmonary bypass. But rather, such findings should prompt a discussion with the surgeon as to the potential severity of the lesion and risks versus benefits of immediate
reintervention. Further refinement of e-echo findings suggesting the need for reintervention, and larger studies powered to detect a clinical difference could be the focus of future investigations.
Historically, while epicardial imaging was the initial modality of choice for intraoperative imaging, transesophageal echocardiography has since superseded it. However, we chose to focus on e-echo in this report as it has been our institutional preference to perform e-echo for S1NP. This is primarily because of the limited availability of miniaturized transesophageal transducers for the smallest patients, and difficulties in imaging the extracardiac, or vascular anatomy by the transesophageal approach. This investigation was not intended to compare e-echo to transesophageal echocardiography. Rather, we aimed to convey that it is the standardization of the approach, and following of a protocol, that increases rates of visualization. With the development of the miniaturized transducers, 23, 24 which can be used in small neonates, and further advances in in technology, it may be that transesophageal echocardiography becomes preferable to e-echo. However, demonstration of adequate visualization of the vascular anatomy would need to be shown.
There are several limitations worthy of mention. The standardization of e-echo may not in fact represent a markedly significant change from the nonstandardized approach undertaken in the preprotocol cohort. This may explain the limited difference in visualization rates between the two cohorts. However, certain components of the anatomy were seen more frequently, and it is possible that with a larger cohort, additional measures of visualization would have reached statistical significance. Also, with a much larger cohort, differences in clinical outcomes may be detected. Additionally, although the study duration was not demonstrated to increase between the preprotocol and onprotocol cohorts, e-echo was commonly used at our institution prior to the implementation of this protocol, which may partially account for this. It is possible that at another institution not as experienced with-eecho, implementing such a protocol may add considerable time to the operation, and a more extensive training period may be required.
Finally, the first author was personally present at the majority of operations to ensure protocol adherence. This is not a sustainable practice, and other means of ensuring protocol compliance should be "built in"
to echo lab operations to ensure consistent application of the protocol.
In conclusion, a standardized intraoperative e-echo to assess S1NP was technically feasible, did not increase study time or complications, and led to slightly higher rates of visualization of the relevant anatomy.
A difference in technical performance scores or clinical outcomes was not appreciated in this cohort, though was not expected given the sample size. Given the potential benefits of standardized imaging and limited downside, consideration should be given by surgical centers to make standardized intraoperative e-echo imaging a part of their S1NP
palliations. Larger investigations may be warranted to determine if there is clinical benefit to such an approach.
